Abstract-The spectrum pooling strategy allows a license owner to share a part of his licensed spectrum with a secondary wireless system (the rental system, RS) during its idle times. The coexistence of two mobile systems on the same frequency band poses many new challenges, one of which is the reliable extraction of the channel allocation information (CAI), i.e. the channel occupation of the licensed system (LS). This paper presents a strategy for the extraction of the CAI based on exploiting the distinct cyclostationary characteristics of the LS and RS signals and demonstrates, via simulations, its application on a specific spectrum pooling scenario, where the LS is a GSM network and the RS is an OFDM based WLAN system.
I. INTRODUCTION
T ODAY'S wireless systems are based on fixed spectrum allocations, which lead to a wasteful use of scarce and expensive spectral resources. Spectrum pooling is a resource sharing strategy which allows the license owner of a spectral band to share a sporadically used part of his licensed spectrum with a rental system (RS), until he needs it himself. The goal of the spectrum pooling approach is to enhance spectral efficiency by overlaying a new wireless radio system on an existing licensed one (the licensed system, LS) without requiring any changes to the LS, and without impacting its operation [2] . This approach allows the rental users to obtain access to spectral resources they have not yet been allowed to use, and the actual license owners can tap new sources of income for the spectral resources they have not been using to full capacity.
In order to ensure a smooth operation of the spectrum pooling scheme, the impact of the rental system on the operation of the license owner system must be kept at minimum, which requires the LS to have the absolute priority to access the shared spectrum, while the RS may access only those parts of the spectrum that are not in use by the LS. This restriction poses two main challenges to the rental system:
• The RS has to exhibit a high degree of flexibility in terms of spectrum occupation in order to dynamically fill the spectral gaps left by the LS.
• The RS has to continuously monitor the channel and has to detect, which parts of the shared spectrum is occupied by the LS at a given time, in order to immediately vacate the frequency bands being required by the LS and to gain access to the frequency bands, which the LS has stopped using during its operation. The channel occupation of the LS at a given time is commonly referred to as the channel allocation information (CAI). The use of an OFDM based RS, as proposed in [2] , provides the required flexibility for the RS in terms of spectral occupation, since OFDM makes it possible to adapt the number and the position of the modulated carriers according to the channel allocation information (CAI).
The reliable extraction of the CAI is a key challenge for enabling the coexistence of two systems on the same frequency range. In [3] , the extraction of the CAI is performed at regular intervals, during the so called silent periods, in which the RS stops transmitting and performs energy measurements to detect the presence of the LS in the channel. While having the advantage of being simple, this approach exhibits two main problems:
• The energy detection approach has a poor reaction speed, since no detection is possible between two silent periods, i.e. while the RS is transmitting.
• Employing silent periods decreases the efficiency of the RS. The use of silent periods can be omitted by employing methods capable of detecting the presence of the LS even while the RS is transmitting in the same frequency subband at the same time, which requires distinguishing between the sources of the detected energy. Exploiting the cyclostationary characteristics of the license owner signal provides the necessary signal selectivity required for this task, assuming that the cyclic features of the RS and LS signals differ from each other, which is usually the case, since different wireless standards usually employ different signal structures and parameters, leading to different cyclostationary characteristics. In our work, we demonstrate the viability of this approach by examining a specific spectrum pooling example which has a GSM network as the LS and a wireless LAN system based on OFDM as the RS, as illustrated in fig. 1(a) . Fig. 1 (b) displays a typical channel occupation scenario for such a system. Since the cyclic signatures of the OFDM based WLAN and GMSK modulated GSM signals differ significantly, this approach allows the detection of the presence of the LS signal in the channel under severe interference from the RS signal. This paper is organized as follows: Section II presents the mathematical preliminaries and definitions for cyclostationary processes and discusses the main motivations behind using cyclostationary signal processing in the extraction of the CAI in a spectrum pooling system. Section III investigates the cyclostationary characteristics of the OFDM based RS and the GSM based LS signals and derives the corresponding SCD and CAF functions. In section IV, a presence detection strategy for the cyclostationary signature of the LS signal under the interference of the RS signal is presented. Section V presents simulation results for the proposed detection strategy under realistic channel conditions and finally section VI summarizes the work.
II. CYCLOSTATIONARITY:PRELIMINERIES
A zero mean complex wide sense cyclostationary process x(t) is characterized by a time varying autocorrelation function R xx (t, τ ) = E{x(t)x * (t + τ )}, which is periodic in time t and can be represented as a Fourier series:
where the sum is taken over integer multiples of the fundamental frequency α f . The Fourier coefficients, which depend on the lag parameter τ can be calculated as 
and can be seen as a generalization of the conventional power spectral density function. A useful modification of the CAF is called the conjugate cyclic autocorrelation function, which is given as
with R xx * (t, τ ) = E{x(t)x(t + τ )}. The conjugate spectral correlation density function S α xx * (f ) is defined similarly:
The conjugate and nonconjugate CAF and SCD are discrete functions of the cycle frequency α and are continuous in the lag parameter τ and frequency parameter f respectively. Any nonzero value of the frequency parameter α, for which the conjugate and nonconjugate CAFs (and consequently the SCD) differ from zero is called a cycle frequency, and the discrete set of the cycle frequencies xx (corresponding to R α xx (τ )) and xx * (corresponding to R α xx * (τ )) are referred to as the cycle spectrum and conjugate cycle spectrum respectively. A signal is said to exhibit cyclostationarity (or conjugate cyclostationarity) with the cycle frequency α 0 , if α 0 ∈ xx (α 0 ∈ xx * ). The cycle spectra of a random process are determined by the hidden periodicities found in x(t). For communication signals, these cycle frequencies are typically related to signal specific parameters such as symbol and/or chip rates, modulation index, carrier frequency, etc. [4] . Thus, the CAF and SCD functions constitute a distinct cyclic signature for the signal at hand.
The main motivation behind exploiting the cyclostationarity for the purpose of the extraction of the CAI lies in the discriminatory capability that the use of cyclic statistics presents between the signal sources with disparate cycle spectra and cyclostationary characteristics. Let x(t) be a composite signal
with the zero mean cyclostationary signals s l (t), all of which are statistically independent of each other, it can easily be shown that:
and
Where the superscript ( * ) denotes that the above equations are valid for both conjugate and nonconjugate CAF and SCDs.
Choosing α = α k = 0 so that the only signal with the particular cycle frequency
, ∀l = k , we can write:
and S 
Hence, when multiple signals overlap in time and frequency domain, their (conjugate or nonconjugate) CAF and SCD functions do not overlap in the cycle frequency domain, as long as the signals possess distinct cycle frequencies. Therefore, provided that the RS and LS signals exhibit disparate cycle spectra, the presence or absence of the cyclic signature of the LS signal in the total received signal mix is a distinct feature that can be exploited for detecting the CAI, even if the RS is transmitting at the same time in the same frequency band.
In the light of the discussion above, it is evident that a detection strategy exploiting cyclostationarity is only possible if the transmission scheme and parameters of the RS system is chosen in such a manner that the RS and LS posses different cyclostationary characteristics. Thus the transmission scheme employed by the LS and its cyclostationary statistics has to be known by the RS designers, which is a reasonable assumption in the case that the licensed system is a commercial wireless network.
III. CYCLOSTATIONARY CHARACTERISTICS OF THE RS AND LS SIGNALS
In the following section, the cyclostationary characteristics of an OFDM based RS and GSM based LS signal, employed in the specific spectrum pooling example of Fig. 1 (a) , are investigated. The results provided in this section indicate that these two signals types exhibit considerably differing cyclostationary characteristics, which makes the proposed detection strategy a viable alternative to the energy detection approach.
A. Cyclostationary Characteristics of the OFDM based RS signal
In an OFDM system, the PSK or QAM modulated information symbols are transmitted over multiple carriers in parallel. OFDM uses spectrally overlapping carriers for the transmission. Therefore the symbol waveforms from one individual user modulated on different carriers overlap with each other both in time and frequency. The baseband OFDM signal can be expressed as a sum of single carrier modulated signals
where d n,i is the n'th information symbol modulated on the i'th carrier, N c is the number of carriers, ∆ f is the carrier separation, is the unknown symbol timing and g R (t) is the rectangular pulse function of length T s . T s = T u + T g is the symbol length, where T u = 1/∆ f is the useful symbol duration and T g is the length of the guard interval where the symbol is extended cyclically. It can be easily shown that the OFDM signal does not exhibit conjugate cyclostationarity,
The time varying nonconjugate autocorrelation of the OFDM signal can be expressed as:
Nc−1 2
This expression can be further simplified to:
It is easily seen that R ss (t, τ ) is periodic in t with a period equal to T s , hence the OFDM signal exhibits nonconjugate cyclostationarity with a cycle frequency α = k/T s = kf s , k = 0, ±1, ±2, .... The cyclic autocorrelation function can be calculated as:
The SCD function can be calculated by expressing the rectangular pulse shape g R (t) in terms of its Fourier Transform
with
. The time-varying autocorrelation function becomes:
Using the Poisson sum Formula 
Taking the Fourier Transform of the CAF leads to the SCD function:
The magnitudes of the nonconjugate cyclic autocorrelation and spectral correlation density functions estimated from an OFDM signal with N c = 8, T u = 4T s /5 are displayed in Figs. 2 and 3 respectively, where the discrete cyclic autocorrelation and spectral correlation surfaces at the harmonics of the symbol rate of the OFDM system α = k/T s = kf s are perfectly discernible.
B. Cyclostationary Characteristics of a GMSK Signal
Gaussian minimum phase shift keying (GMSK) modulation, employed in GSM, can be interpreted as a 2-level FSK modulation with a modulation index h = 0.5. The complex envelope of a GMSK signal is
with the symbol sequence d n ∈ {−1, 1}, symbol rate f s = 1/T s and frequency impulse g(t) given as
p Gauss (t) is a Gaussian impulse with the time bandwidth product BT s . For the GSM system, the factor BT s = 0.3 was chosen. In practice, the Gaussian impulse is cut to a length LT s with L ≥ 3. A GMSK signal with L=4 can be represented as the superposition of a linear and a nonlinear component
with the elementary impulse forms c K (t) and the statistically dependent modulating sequence A K,n , which can be expressed as a function of the data sequence d n [6] . A detailed discussion about the derivation of the elementary impulse forms and the modulating sequence A K,n can be found in [5] . Since c 0 (t) contains 99% of the signal energy, the linear part s lin (t) can be used to approximate the GMSK signal [6] :
with the modulating symbol sequence
Using this approximation, the conjugate time variant autocorrelation function of the signal can be calculated as:
with the unknown symbol timing and the constant z 2 −∞ ∈ {−1, 1}, which depends on the initial state of the sequence z n . Obviously, R ss * (t, τ ) is periodic with a period equal to 2T s , leading to a conjugate cyclostationarity with cycle frequencies α k = k/2T s = kf s /2 for integer k. Expressing c 0 (t) in terms of its Fourier Transform C 0 (θ) and rearranging the terms, we can write:
Using the Poisson sum formula as in (17) we get This expression is already in a Fourier Series form from which the conjugate CAF can be read directly. With k = 2n + 1:
Taking the Fourier Transform of the above expression w.r.t. τ yields the conjugate SCD function: Using a similar approach, it can be shown that the GMSK signal also exhibits nonconjugate cyclostationarity with a fundamental cycle frequency α f = 1/T s = f s . The nonconjugate CAF and SCD functions for this case can be calculated as:
for k = 0, ±1, ±2, ... It should be noted that both the conjugate and nonconjugate cyclic statistics depend on the shape of C 0 (f ), which, for the time-bandwidth product BT s = 0.3 employed in GSM, is a relatively narrowband function. The low bandwidth of C 0 (f ) leads to the following consequences :
1) The spectral overlapping term 2) The spectral overlapping term (30) and (31) is very small, leading to an almost total suppression of the nonconjugate CAF and SCD functions for any integer k = 0.
The cyclostationary spectral analysis in this section yields the following results:
1) The OFDM signal does not exhibit conjugate cyclostationarity, but a high degree of nonconjugate cyclostationarity with a fundamental cycle frequency equal to the symbol rate of the OFDM system, α f = 1/T
OF DM s
. 2) The GMSK based GSM signal exhibits conjugate cyclostationarity with a fundamental cycle frequency equal to half the symbol rate of the GSM system, α f = 1/2T
GMSK s and nonconjugate cyclostationarity with a fundamental cycle frequency α f = 1/T GMSK s . However, the nonconjugate CAF and SCD functions are too faint to detect because of the narrowness of the spectrum of the GMSK pulse shape.
The extraction of the CAI requires the detection of the presence of the cyclic statistics of the GMSK based LS signal under the interference from the OFDM based RS signal. Since the OFDM signal does not exhibit conjugate cyclostationarity, and the GMSK signal exhibits a strong conjugate cyclostationarity but a faint nonconjugate cyclostationarity, exploiting conjugate cyclic statistics as a feature for detection is the logical choice for the given task.
IV. DETECTION STATISTICS
Since the OFDM based spectrum renter signal does not exhibit conjugate cyclostationarity, the presence detection of the LS signal under interference from the RS reduces itself into the detection of the presence of conjugate cyclostationarity in the received composite signal x(t) = s(t) + i(t) with cycle frequencies α = ±f s /2 at each GSM subband, where s(t) and i(t) are the contributions from the LS and RS respectively, and f s the symbol rate of the GSM system. Since the detection is to be performed digitally, we employ the discrete time version of the consistent estimation of the conjugate cyclic autocorrelation function :
where ν is the discrete version of the lag parameter τ , x[i] = x(iT st ) with the sampling time T st and ∆ α xx * (ν) is the estimation error,which vanishes as T o → ∞. In [7] , Dandawate has proposed two different constant false alarm rate (CFAR) tests for the presence of cyclostationarity in discretetime signals, one in time-domain, the other in the frequency domain. In our work, we propose to employ the former for the detection presence of conjugate cyclostationarity in x(t), which leads to a simple and powerful tool for the extraction of the CAI. In [7] , it has been shown that, under some general mixing conditions, the third and higher order cumulants of the estimate √ T oR α xx * (ν) are asymptotically (as T o → ∞) zero, which leads to an asymptotically complex normal distribution, and the covariance of the estimate can be expressed in terms of the conjugate and nonconjugate cross spectral correlation 
Considering the general case, where the presence of cycles has to be checked for a set of lags ν, rather than a single one, the 1 × 2N row vector consisting of conjugate cyclic autocorrelation estimates at the cycle frequency α = α 0 is defined as:
with the fixed lags ν 1 , ..., ν N . The row vector of the true values of the conjugate cyclic autocorrelation r xx * is defined similarly as:
and the estimation error vector ∆ xx *
so that we can writê
Since r xx * is nonrandom, the asymptotic complex normality of the conjugate cyclic autocorrelation estimate leads to:
where D = denotes the convergence in distribution and N (0, Σ xx * ) is a multivariate normal distribution with mean 0 and covariance matrix Σ xx * . Using (33) the covariance matrix can be expressed as: The (l, m)th entries of the complex covariance matrices Q ( * ) and Q are given as
For the presence detection of the LS signal in one subband of the spectrum pooling system under interference from the RS, we can formulate the following binary hypothesis testing problem. Let H 1 represent the case where both the LS and RS are present in the channel and H 0 represent the case that only the RS signal is present in the channel, then:
ss * (ν) ⇒r xx * = r ss * + ∆ xx * with the normalized symbol frequency f s = f s T st . The asymptotic complex normality ofr xx * allows the formulation of the following generalized likelihood function as the test statistic for the binary hypothesis test [7] :
whereΣ xx * is the estimated covariance matrix. It can be shown that, under H 0 , the distribution of Z xx * converges asymptotically to a central χ 2 distribution with 2N degrees of freedom, irrespective of the distribution of the input data. Hence, for a given threshold, the false alarm probabilities can be analytically calculated for large enough observation intervals T o , regardless of the particular signal, leading to an asymptotically constant false alarm rate (CFAR) test. One can write, under H 0 :
Under H 1 , the distribution of the test statistics converges to a normal distribution [7] : 
V. SIMULATION RESULTS
In the following simulations, the performance of the proposed detection strategy has been investigated. The following assumptions are made:
• The LS is a simplified GSM system with a bandwidth of 200 kHz and a GMSK symbol rate f s = 1/T s = 270.833 kbit/s. We assume that all the time slots are occupied.
• The RS is an OFDM based WLAN system with 8 carriers and a carrier separation of 200 kHz, so that each carrier occupies exactly one subband of the GSM system. QPSK modulation is employed on each carrier.
• For the sake of simplicity, only one GSM subband on the total frequency range of 1600 KHz is considered. Simulations have been performed for both non-multipath and frequency selective multipath fading channels. In the latter case, we chose the typical urban channel model [8] for the GSM and IndoorB channel [9] for the WLAN system with user speeds of 5m/s. The signal to interference ratio SIR is defined as the ratio of the power of the GSM signal to the power of the interfering WLAN signal which falls into the same 200 kHz band. For the detection statistics Z xx * , the entries of the covariance matrixΣ xx * are estimated using a frequency smoothing method [7] . Two sets of lags are considered:
Figs. 6 and 7 plot the receiver operating characteristics (ROC) of the proposed detection strategy for a SIR of 3dB and the set of lags L 1 and L 2 respectively. Three different values of T o for the multipath case are considered and as a comparison, the ROC for a case without multipath propagation is also shown. The probability of detection P d and the false alarm rate P false are defined as:
The results indicate a degradation in the performance of the test due to the frequency selective nature of the multipath propagation channel. Increasing the length of the observation window T o leads to an increase in the performance, at the expense of reducing the reaction speed of the overall system. We observe that the choice of lags has an influence on the performance of the test. The detection results are marginally better for L 2 than for L 1 . However, it has been observed that increasing N further decreases the detection performance, since increasing N increases not only the mean of Z xx * under H 1 , but also its mean and variance under H 0 . The same effects can be observed in Figs. 8 and 9 where P d vs. SIR for a fixed false alarm rate P false = 0.05 is plotted for L 1 and L 2 respectively, both for multipath and non-multipath cases. For the multipath case, which has more practical relevance, a satisfactory detection performance is achieved for SIR≥ 3dB and T o ≥ 2ms.
VI. CONCLUSION
In this work, a strategy for the extraction of the CAI in a spectrum pooling system has been presented, which is based on exploiting the disparate cyclostationary characteristics of the LS and RS signals. A guideline for designing a cyclostationary based detection strategy is provided, including the cyclic spectral analysis of both the LS and RS signals that is required for determining the type and frequency of the cyclic statistics to be chosen for the detection. The proposed approach presents an asymptotically CFAR test for the extraction of the CAI and eliminates the need for silent periods, increasing the efficiency of the RS and decreasing the reaction time of the system. The application of this strategy on a specific spectrum pooling example under realistic mobile channel conditions shows to produce satisfactory detection results. It should be noted that the overall detection probability of the spectrum pooling system can be dramatically increased if a diversity approach is adopted, which requires using multiple detectors distributed throughout the RS cell taking independent channel measurements. In such a case, the detection may be carried out by dedicated detectors, by the users of the RS, or a combination of the both.
